The buckling response and load carrying capacity of thin-walled open cross-section profiles made of Fiber Metal Laminates, subjected to static axial compression loading are considered. These include thin-walled Z-shape and channel cross-section profiles 
Introduction
The past few decades have seen the introduction of Fiber Metal Laminates (FMLs), especially GLARE TM , into primary structure applications such as the fuselage of the largest civil transport aircraft in current production: the Airbus A380. GLARE TM material properties, as well as FMLs in general, exhibit partly metallic and partly composite behaviour. The hybrid nature of FMLs has the advantage of lower density when compared with monolithic aluminium fuselage skins, but more importantly it has natural crack arresting capability due to the fibre layers in the presence of a fatigue crack, which is a major concern in the design of monolithic aluminium [1] . These features reduce the concerns about `flying with undetectable fatigue damage´, which influences inspection intervals and the economics of airframe maintenance [2] .
However, the hybridization of materials in multi-layered structures leads inevitably to a decrease in the buckling load capacity, which is only partly off-set by a weight reduction.
Multi-layered Fibre Reinforced Plastic (FRP) materials are very effective for meeting tailored structural property requirements through appropriate modification of the material stiffness, which governs the laminate response. Controlling the bending stiffness, for instance, through appropriate stacking sequence tailoring, material and ply thickness selection, has the potential to give improvements in the compressive buckling load capacity for FML, as will be demonstrated for short columns of open cross-section.
The advantages of FMLs results from their architecture, which typically contains layers of unidirectional Glass Fibre-Reinforced Plastic (GFRP) material embedded between thin aluminium sheets. Various properties can be achieved using different grades of commercially available FML, e.g., GLARE TM , which have been developed for specific structural applications [3] . However, the merits of FMLs are most often exploited in weight saving applications associated with thin-walled design of aircraft structures, which are generally subject to high in-plane stresses. Instability phenomena therefore become one of the most important design constraints and need to be satisfied for safety reasons [4] .
Research on FML structures has focused primarily on the main advantages over monolithic aluminium alloys: increased fatigue life, reduced crack propagation rates and corrosion resistance [1] . The first FMLs used aramid fibres, but were soon replaced by glass fibres. Other hybrids were also considered, such as carbon/epoxy composite, polyamide and titanium. Although, the dominant material still consists of laminated GFRP with aluminium alloys [5, 6] due primarily to its resistance to galvanic corrosion.
The use of FML in stiffened fuselage skin panels with monolithic aluminium stringers lead to issues related to stiffness mismatching, since the higher elastic modulus of the aluminium stringers attracts more load from the skin panels, which creates fatigue problems in the stringers. FML stringers have therefore been developed [8] to alleviate these issues. These are most commonly manufactured by wet lay-up of the complete GFRP sub-laminate, pre-forming the FML and then curing. The stiffener is either bonded to the skin with a polymer adhesive, or by a fibre reinforced polymer interface with reduced fibre volume fraction. The stiffeners must therefore resist out of plane loading as well as in-plane compressive loading.
The objective of current article is to demonstrate improvements the compression buckling strength of typical thin-walled profiles through the use of different hybrid FML strategies and by the introduction of thin-ply material technology. The profiles are treated in isolation, i.e. open cross-sections made of FML materials, thus removing any stabilizing influence of the skin [6] .
Thin-ply composite materials are now commercially available, in a range of areal weights [7] . Compared to composite materials with standard areal weight of approximately 250 g/m 2 , thin-ply laminates, with areal weights down to as little 15 g/m 2 , generate lower interface stresses, which significantly improves key mechanical properties such as ultimate strength, strength after impact due, to improved delamination resistance, and better control of crack propagation due to the increased number of ply angle interfaces through the thickness [10] . Thin-plies extend the design space by increasing the number of possible ply combinations within a given thickness, thus improving the chances of obtaining an optimal stacking sequence. New hybrid lamination schemes are introduced in which conventional plies are replaced by thin-ply sub-laminates.
Subject of investigations
Buckling assessments of thin-walled Fibre Metal Laminate (FML) profiles, of Z-and Channel-shape cross section, are obtained using semi-analytical and numerical methods and validated experimentally. Both cross-section types represent short columns with matching flange and web dimensions. The width of the web was equal to 80 mm, flange to 40 mm, with a profile length of 300 mm. The corner radius (R) at the web/flange junction is approximately equal to 1.75 mm, as shown in Fig. 1 (a) and (b).
The column specimens were manufactured by wet lay-up of the FML and cured under a standard autoclave cycle [11] . Some specific information and manufacturing procedures applied to the FML specimens are discussed elsewhere [6] . All manufactured specimens were of 3/2 type FML, i.e., a 7-layer hybrid laminate containing alternating layers of aluminium and angle-or cross-ply pairs of fibre-reinforced composite layers. The
Aluminium was a 2024 T3 alloy with thickness of a single layer equal to 0.3mm, whereas glass/epoxy uni-directional (UD) fibre-reinforced plastic (TVR 380 M12 26% R-glass, from Hexcel), with a 60% fibre volume fraction, had a single layer thickness, after curing, equal to 0.25 mm. The test specimens contained pairs of adjacent GFRP layers, see Fig. 2 , and only symmetrical lay-ups were considered. [12] .
The mechanical properties for aluminium are given in Table 2 , and those of glass-epoxy from TVR Hexcel composites are given in Table 3 . Due to discrepancies observed during the buckling experiments [6] , these properties were measured in laboratory tests [13] , and led to an improvement in the agreement between experiment and semianalytical and numerical results; in comparison to the data provided by the material supplier.
Buckling response of analysed column/profile
Two simulation methodologies were employed for examination of the buckling response of short FML column profiles. These were: a semi-analytical method based on Koiter's asymptotic theory of conservative systems [14] and; the finite element method [15] . These simulations were verified experimentally [6, 16] . For the simulations, it was assumed that the loaded edges of the axially compressed columns were simply supported. Such boundary conditions are easy to apply in a semi-analytical solution, but for the numerical approach, the FEM model of Fig. 3 (b) adopted with shell finite elements, and required careful selection of the constraints at the loaded edges of each profile. It is also difficult to achieve boundary conditions that precisely match these simply supported edge conditions in experimental tests [17, 18] . Nevertheless, in current study the loading platens (upper and lower) were designed to reproduce the idealized analytical and numerical boundary conditions very closely. Shallow grooves, equivalent to the profile wall thickness, H, in depth, with a flat bottom and 45 chamfered edges, were milled into both platens; the width of the grooves provided a clearance of 0.1H was to accommodate variations in the profile wall thickness. Thick upper and lower platens ensured uniform compression of the profiles, see Fig. 3(a) .
A Digital Image Correlation technique was employed to detect the onset of buckling.
This is a 3D non-contact optical measurement system of full field surface deformations, see Fig. 3 (c). Full details of the procedure for the buckling experiments, and methods of data capture and processing, can be found elsewhere [6, 16, 18] ; only the results are discussed here. The resulting images of the buckling modes confirmed both the semianalytical and numerical predictions.
Comparison of buckling load
The discussion henceforth is restricted to the results obtained for the channel section profile. Discussion of the results for the Z-shaped profile can be found elsewhere [6, 13, 15, 16] . Similar observations have been made for profiles with different cross sections and for multi-layered laminates made only of fibre reinforced plastics [19] . Results from the experiments agree well with numerical simulations up to ultimate load [6, 16] .
However, material failure, including delamination and progressive failure, was not assessed in the FE simulations, which explains the deeper deflections and longer postbuckling paths, beyond those of the experimental observations. Similar behaviour was observed for the flange response.
The aluminium layers were modelled as an elastic-plastic material with isotropic hardening, whereas glass-fibre composite plies were assumed to remain elastic up to failure [6, 15, 20] . The presence of ductile aluminium makes the post-buckling equilibrium curves flatter in comparison to the response of profiles made only from composite layers.
Buckling response also differs between the FML due to the presence of BendingTwisting coupling in the FRP sub-laminates, which is known to reduce initial buckling strength and to induce mode changes in the post-buckling range [21] . The sequence in which the layers are stacked can be tailored in order to control stiffness coupling.
However, for FMLs, this effect has yet to be thoroughly quantified against practical designs. In the case of the buckling problem, the arrangement of plies must be 'tailored'
with respect to their distance from the laminate mid-plane, since this influences the bending stiffness and in turn the buckling response. The literature describes strategies for identifying laminate configurations with generic angle-and cross-ply combinations, including those with fully isotropic behaviour [12] .
Although there is a perceived disadvantage due to lower buckling load for profiles made of hybrid FML, this is outweighed by a reduction in mass, which for the thin-walled columns investigated, reaches approximately 15%; a weight reduction which is an important factor in material selection for commercial aircraft applications [3] .
Effect of mechanical coupling in Fibre Metal Laminates
The laminate constitutive equations, i.e. the relationship of the in-plane forces   N and moments   M to reference strain    and curvature    can be combined into one brief, well-known matrix equations [22, 23] 
The equations (1) are expressed in terms of three laminate stiffness matrices, extensional   A , coupling   B , and bending   D , which are functions of the geometry, material properties and stacking sequence of the individual plies [23] . The coupling behaviour is dependent on the form of the elements in each of these three stiffness matrices. Balanced and symmetric stacking sequences are adopted in standard FML designs, and generally possess Bending-Twisting coupling; often referred to as bending anisotropy in the literature.
These coupling effects are described in detail elsewhere [12, 24] . 
Also bending isotropy, can be indicated by replacing D S with D I , when
where H is a total laminate thickness corresponding to the total number of plies, n, of thickness t [12] .
Tsai and Hahn introduced the useful concept of the laminate invariants U i [25] , which are calculated from the reduced stiffness matrix terms Q ij 
and the reduced stiffness terms (on-axis moduli) are calculated from the material properties as follows 
Then the stiffness properties for the Equivalent Fully Isotropic Laminate can be obtained from the laminate invariants of Eqs. (6), expressed in terms of their isotropic material counterparts, with the assumption that 
Although the most commonly adopted method for achieving fully uncoupled laminates is the ubiquitous balanced and symmetric lay-up, non-symmetric laminate configurations are now known to dominate the design space of Simple (uncoupled), as well as Bending-Twisting coupled laminates [26, 27] .
Applying these formulae to the FML designs considered, one can obtained the due to the lamination of more than one material.
The equivalent isotropic bending stiffness for monolithic aluminium used in the normalization of the buckling load results that follow.
The reduction in bending stiffness of FML below monolithic aluminium results in decreased buckling load, see Table 4 , of up to approximately 25%. Additionally for a rectangular plate with aspect ratio a/b = 3.75, which corresponds to the aspect ratio the channel section web, see Table 5 , a similar drop is observed. These rectangular plate results correspond to a specific value on the Garland curves of Fig. 5, representing buckling factor results across a range of aspect ratios. Differences in the relative bucking strength between the channel section and the simply supported plate demonstrate the weak influence that the flanges have on web buckling.
A solid aluminium section profile and/or flat plate made from GFRP material designed as an equivalent fully isotropic laminate possesses higher buckling strength than those made from standard GLARE 3 (or FML 1 in Table 5 ), or GLARE 6A (or FML 10).
However, the differences between the GLARE 3 and GLARE 6A are less than 5%.
It is obvious that replacing R-glass composite layers with carbon composite plies will give lower discrepancy in Young's moduli between both constituents and the equivalent bending stiffness differences will be less than for standard GLARE designs. The effect of such an exchange is visible in Table 6 where results are analogues to those from Table 5 . The modified material properties are given in Table 3 The improvement in buckling strength is therefore pronounced.
The relative difference between buckling loads for profiles made of different FML grades with carbon-epoxy layers looks similarly to the relationships observed in Fig. 5 for glass-epoxy, but the spacing between Garland curves are more pronounced, see Fig.   6 , due to the increased influence of the higher modulus sub-laminates. It can be noticed that GLARE 6A (FML 10) has reducing buckling strength, i.e. 5.39%, 5.72% and 5.84% below the datum (Aluminium plate) for a/b = 1, 2, and 3 respectively. This effect is caused by Bending-Twisting coupling in the carbon/epoxy sub-laminate [27] .
These results demonstrate that carbon/epoxy has the potential to substantially increase buckling strength in FML designs. However, FML designs with isotropic or tailored sub-laminates require thin ply material technology to achieve the required stacking sequence configurations yet remain within the thickness constraint of standard FML designs.
Thin-ply technique
During the last decade evident progress has been made in the development of composite laminates using thinner plies. Compared to areal weights of standard composite materials of 300 gsm, thin-ply pre-pregs are commercially available down to as little as 15 gsm [28] , with a corresponding thickness of 20 m per single ply depending on the type of fibre. This generally increases the scope for laminate tailoring without affecting laminate thickness or weight.
The most important benefit of using thinner plies in a laminate design, for a constant laminate thickness, is the ability to use a larger number of ply orientations to achieve an optimal solution as the laminate design space is naturally extended. The second merit is that thin-ply composites may present some advantages due to positive size effects with respect to decreasing ply thickness. Although the use of thin-ply pre-pregs leads to increase in manufacturing cost, the damage resistance properties against matrix cracking and delamination significantly improve. Despite identical stiffness for thin-ply and standard laminates compared, the tensile strength of the laminate using the thin-ply UD material is higher than that of the laminate using the standard UD material [7] .
Composite laminates manufactured from thin-ply UD material are believed to have superior damage resistance properties compared to those from standard UD material.
They are less susceptible to matrix crack accumulation than the standard laminate and to propagation of free-edge delamination. These observations have been verified experimentally [7] .
Some pseudo-ductile effects were observed in the response of unidirectional interlayer hybrid composite materials comprising R-glass and a variety of thin carbon UD materials [20] . The materials considered for this hybrid design and examined in set of experiments were standard thickness R-glass/epoxy supplied by Hexcel, thin S3- In the available literature, which is not so abundant, there is some evidence that thin-ply material leads to a more uniform microstructure and improved on-axis compressive strength, hence nearly no damage is observed in thin ply material before failure. Some of these features result from the large number of sub-laminate repetitions. These special material properties promise better predictability of behaviour from laminates manufactured using thin-ply technology.
Returning our attention to the buckling strength of FML profiles, standard GLARE architectures with carbon-epoxy sub-laminates are replaced with thin plies of 60 gsm areal weight to create [ Fig. 7 . The relationships are similar to those for standard carbon/epoxy layers, but the degradation in buckling load is significantly lower than for standard ply thickness, due to the elimination of Bending-Twisting coupling [30] .
Hybrid laminates possess unusual stiffness relationships. For instance, sub-laminates may be designed to be fully isotropic with sufficient numbers of thin-ply layers, e.g. , even when all sub-laminates are individually isotropic in both extension and bending.
Lamination parameters for bending stiffness assessment of FML designs
Ply angle dependent lamination parameters may offer useful insight into the effects on buckling of different sub-laminate architectures, since they allow the bending stiffness terms to be expressed as linear variables within convenient bounds  
which are readily presented in graphical form to aid the design process [12] . Four Table 7 .
Comparison with buckling results obtained from Carbon/Epoxy composite materials
For optimum design subject to buckling and/or strength constraints, ply angle dependent lamination parameters are often preferred, since these allow the stiffness terms to be expressed as linear variables within convenient bounds  
. However, the optimized lamination parameters must then be matched to a corresponding laminate configuration within the feasible region. This inverse problem is often challenging, but is aided by graphical representations of the lamination parameter design spaces in which lamination parameter coordinates can be plotted. Buckling contour mapping can also be applied to these lamination design spaces, as illustrated in Fig. 8 ; here representing compression loaded infinitely long plates with simply supported edges. 
